, an inhibitor of is a central issue in the DNA damage response pathway. G1 cyclin-dependent kinases (Brugarolas et al., 1995;  In this paper we describe the isolation and analysis Deng et al., 1995) . Although p53 controls transcription of the CRT1 gene whose product binds specifically of a number of genes, the majority of DNA damageto sequences in the promoters of the RNR genes and inducible genes are regulated through p53-independent mediates the repression conferred by the Tup1-Ssn6 mechanisms that have yet to be fully elucidated (Fried- corepressor complex by directly binding to Ssn6. Analyberg et al., 1995) .
sis of crt1 mutants revealed that the DNA replication Atm and a closely related protein, Atr, form a distinct block checkpoint pathway induces transcription primarsubfamily of PI kinases that are structurally and, in some ily through alleviation of Crt1-mediated repression, while cases, functionally conserved among eukaryotes includthe DNA damage checkpoint operates through both Crt1 ing mammals, D. melanogaster, S. pombe, and S. cereand a Crt1-independent mechanism. visiae (reviewed in Elledge, 1996) . In S. cerevisiae, two genes, TEL1 and MEC1, are closely related to ATM and Results ATR, respectively. MEC1 appears to carry out the majority of checkpoint functions, being required for both the CRT1 Is Downstream of DUN1 in the DNA Damage Signaling Pathway * To whom correspondence should be addressed.
To search for downstream effectors of the DNA damage † These authors contributed equally.
signaling pathway, epistasis analysis was performed be- ‡ Present address: Department of Biology, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139.
tween dun1 and crt mutants. We found that the CRT5/ (D) CRT1 overproduction blocks RNR3 induction in a TUP1-SSN6-dependent manner. All strains shown contain the integrated RNR3-URA3 reporter construct. The growth characteristics of the Crt Ϫ and Dun Ϫ phenotypes are listed on the left. Overproduction of CRT1 produces a Dun Ϫ phenotype in which the RNR3-URA3 gene fusion is uninducible by HU, thereby allowing strains to grow in the presence of 5-FOA, a chemical that is metabolized into a toxic compound by the Ura3 protein. The circles on the right indicate the relevant genotypes of the strains located on each plate. Strain used were as follows: WT, Y203; crt1, Y211; tup1, Y217; ssn6, Y231; dun1, Y290. The plasmids used were as follows: vector, pRS413 (top panel) or pRS423 (bottom panel); CRT1, pZZ151; 2 CRT1, pZZ152. (E) Crt1 binds Ssn6-Tup1 in vitro. Two micrograms of GST-Crt1 was incubated with 35 l of in vitro translated 35 S-methionine-labeled Tup1 (lane 1), Ssn6 (lane 2), or Ssn6 plus Tup1 (lane 3) proteins. Five microliters of each sample was added in the input lanes. In vitro translated Dun1 protein was used as a negative control in a separate experiment (lanes 10 and 11). . To determine whether they Procedures). CRT1 is located on chromosome XII between CBF5 and SWI6 ( Figure 1B ). act through any specific cis elements, we tested the crt mutants with a reporter plasmid pZZ20, which contains Crt1 is homologous to the mammalian RFX family of DNA-binding proteins. RFX proteins share several highly a 42 bp element (D1) from the RNR2 promoter which has previously been shown to be critical for the tranconserved regions including the domains required for DNA binding and dimerization (Reith et al., 1990 (Reith et al., , 1994 . scriptional response to damage (Elledge and Davis, 1989) . D1 was inserted between the upstream activating
POL1, CRT7/RNR1
The most conserved region between Crt1 and RFX proteins is the DNA-binding domain (45% identity and 68% sequence of the ␣1 gene (␣1UAS) and the CYC1 basal promoter and confers an 87-fold repression and a 5-fold similarity out of 73 amino acids, Figure 1C ). Crt1 also shares extensive homology with RFX proteins in the inducibility by 100 mM HU upon the CYC1 promoter ( Figure 1A ). Although most crt mutants elevated lacZ N-terminal one-third of the dimerization domain and the B and C boxes (data not shown), two regions of unknown activity (by 2-to 5-fold, data not shown), only crt1, crt4/ tup1, and crt8/ssn6 mutants exhibit strong derepression function. The DNA-binding domain of the RFX proteins represents a novel DNA-binding motif (Reith et al., 1990), of D1 (24-to 132-fold, Figure 1A ), suggesting that these and Crt1 is the only S. cerevisiae gene containing this motif.
Derepression of the Crt1 Regulon Is Essential for Survival under Replicative Stress and
Can Provide the Essential Function for Two Checkpoint Genes, MEC1 and RAD53 We generated crt1 null mutants by transplacement (Figure 1B, see Experimental Procedures) . CRT1 is nonessential, and crt1⌬-100 haploids show no growth defects. CRT1/crt1⌬-100 diploids containing an integrated copy of URA3 under RNR3 promoter control grow weakly both on SC-Uracil plates and on plates containing 5-FOA, indicating that RNR3-URA3 is not completely repressed and that CRT1 is haploinsufficient (data not shown). Furthermore, CRT1 overproduction on a 2 m plasmid (pZZ152) repressed the HU inducibility of RNR3 and resulted in a Dun Ϫ phenotype, indicating that Crt1 levels are critical for RNR regulation ( Figure 1D ).
To determine the physiological significance of the CRT1 regulatory pathway, we took advantage of the fact that Crt1 levels are critical for the transcriptional response and specifically turned off this regulatory pathway by overproducing Crt1. Overexpression of CRT1 resulted in lethality in pol1, rnr1, and rnr2 mutants (Figure 2A) , indicating that derepression of the CRT1 regulon is essential for survival under replicative stress. Furthermore, overexpressing CRT1 also caused lethality in rad53 and mec1 checkpoint mutants (Figure 2A ), whereas tions with distinct sequence-specific DNA-binding pro-
The presence of 5-FOA selects for loss of the URA3 containing teins (Tzamarias and Struhl, 1995) . The finding that Crt1 plasmids. Suppression of mec1⌬ and rad53⌬ by crt1⌬ is also clearly possesses an RFX-related DNA-binding domain and observed using tetrad analysis of heterozygous diploids (data not that it represses RNR2 transcription through the same shown).
cis element as TUP1 and SSN6 suggests that Crt1 product may be the factor that recruits the Ssn6-Tup1 corepressor complex to the promoters of the RNR genes.
Tup1 molar ratio in lane 3 is 1 to 3.2 when the relative methionine contents are taken into account. Tup1 and CRT1 overexpression is incapable of repressing RNR3 in ssn6 and tup1 mutants ( Figure 1D ), consistent with Ssn6 have been shown to form a complex composed of one Ssn6 and four Tup1 subunits (Varanasi et al. , the hypothesis that Crt1 functions together with Ssn6 and Tup1. To test whether Crt1 directly interacts with 1996), providing an explanation for the observed stoichiometry. These results suggest that Crt1 mediates reTup1 or Ssn6, a bacterially expressed glutathione-Stransferase(GST)-Crt1 fusion protein was incubated with pression by recruiting Ssn6-Tup1 complexes to target promoters. in vitro translated Tup1 and Ssn6. Crt1 specifically binds to both Tup1 and Ssn6, pulling down 3% of Tup1 and 8% of Ssn6 from total input ( Figure 1E , compare lanes Crt1 Is an X Box-Specific DNA-Binding Protein The mammalian RFX family proteins were identified 1, 2, 7, and 8). In a control experiment less than 0.5% of in vitro translated Dun1 is bound by GST-Crt1, indicating based on their binding activity to a highly conserved DNA sequence of 13 nucleotides, the X box, found in that the Crt1-Ssn6/Tup1 interaction is specific. When Tup1 and Ssn6 are cotranslated, significantly more Tup1 the promoters of all MHC class II genes (Reith et al., 1990 ). The conserved DNA-binding domains between (8% of total input) is bound by GST-Crt1, probably due to Tup1's interaction with Ssn6 (lane 3). The Ssn6 to the Crt1 and RFX proteins suggest that they may bind to similar DNA sequences. We identified an X box-related sequence in the D1 element of RNR2 promoter, in which 9 out of 13 bases were identical to the MHC class II X box ( Figure 3A ). In vitro translated Crt1 specifically binds to the D1 element ( Figure 3D ). A 25-fold excess of unlabeled double-stranded X box oligonucleotides efficiently competed for Crt1 binding, whereas a 2000-fold excess of nonspecific competitor did not. A weaker X box-related sequence is the only other site in the RNR2 promoter capable of binding Crt1 ( Figure 3C ). The multiple bands in the band shift assay may be due to multimerization of the Crt1 protein. We observed strong binding between GST-Crt1 and in vitro translated Crt1 (data not shown), consistent with the sequence homology between the dimerization domains of the RFX proteins and Crt1.
To determine the sequence specificity of Crt1, a set of X-box mutant oligonucleotides was used to compete for Crt1 binding to D1. Four positions known to be important for RFX binding (Reith et al, 1990) were individually mutated ( Figure 3A ). The wild-type X-box oligonucleotide efficiently competes with D1 when present at 50-fold molar excess, reducing Crt1 binding to 4%. Mutations 460 and 464 almost completely abolished the ability of X-box oligonucleotides to compete for Crt1-D1 binding, leaving 90% and 72% of Crt1-D1 binding intact, respectively. Mutations 463 and 466 significantly reduced the Crt1 binding ability of the mutant oligonucleotides, leaving 20% and 55% of Crt1-D1 binding intact, respectively ( Figure 3D ). These data indicate that the RNR2 X box is the core sequence for Crt1 binding.
Identification of Multiple X Boxes in the Promoters of the RNR and CRT1 Genes
We have identified multiple X box-related sequences in the promoter regions of RNR2, RNR3, RNR4, and, surprisingly, CRT1 (Figures 3B and 3C) . Each promoter has one strongly conserved X box (strong X box or Xs) and one (RNR3 has two) less conserved X box (weak X box or Xw), located 50 to 70 bp apart ( Figure 3C ) in opposite orientations. To test their Crt1 binding affinity, double-stranded oligonucleotides containing these ele- (Table 1 ). Individual mutations as described in (D) except that unlabeled double-stranded oligonuin the strong X box and the two weak X boxes elevate the cleotides containing strong (Xs) or weak (Xw) X boxes from RNR2, RNR3, and CRT1 promoters were used as competitors.
basal level by 5-fold and 1.4-to 1.7-fold, respectively, Cells were grown to mid-log phase, treated with 150 mM HU or 0.01% MMS for 4 hr, and harvested for ␤-galactosidase assays. The values given represent the average of duplicate or triplicate cultures for each strain. SD, standard deviation. *Mutations were introduced into the strong X box (Xs) and two weak X boxes (Xw1 and Xw2) on the RNR3 promoter as described in Experimental Procedures. ND, not determined.
whereas simultaneous mutations of all three X boxes induction profile of CRT1 differs slightly from that of RNR3. The optimal MMS dose for RNR3 induction elevated the basal level by 17-fold, comparable to the level in crt1 mutants. These results suggest that these (0.015%) results in a 50-fold increase but only causes a 2-fold increase of CRT1 transcription. Upon 0.1% MMS X boxes are the sites through which Crt1 represses RNR3 transcription in vivo, and that the induction by treatment, CRT1 is maximally induced, but RNR3 inducibility is 35-fold ( Figure 4B ). These results suggest that DNA damage or replication block signals may be mediated by derepression. The inducibility by HU treatment the extent of repression of CRT1 is tighter than that of RNR3 and is consistent with the relative strength of in wild-type cells seems to be mediated solely through CRT1 because either the crt1 deletion or the triple X-box X-box sequences within these promoters. The timing of CRT1 and RNR3 induction upon DNA damage and mutation results in loss of HU inducibility. In contrast, the induction by MMS appears to involve not only CRT1 but replication blocks is also different, with the CRT1 peak lagging approximately 30 min behind the RNR3 peak also other genes, since it is not completely abolished in crt1⌬ or X-box mutants.
( Figure 4C ). In addition, CRT1 inducibility is dependent upon the MEC1, RAD53, and DUN1 kinase genes ( Figure  4A ), indicating a feedback loop in these pathways. The X Boxes Confer Repression and HU Inducibility residual CRT1 inducibility with MMS treatment may reupon a Heterologous Promoter, Implicating flect the fact that the mec1 and rad53 alleles used are Crt1 in Signal Transduction partial loss of function mutants. However, the residual To determine whether Crt1 has a role in signal transducinducibility in the dun1 null mutant is likely to reflect tion, X-box sequences were inserted between the two redundancy in the induction pathway. UAS sequences and the TATA box of the promoter of the CYC1-lacZ reporter gene in pLG⌬312S (Guarente and Hoar, 1984) . The CYC1 promoter alone exhibited
The Crt1 Protein Is Phosphorylated in Response no HU inducibility. Insertion of four X boxes of either to DNA Damage and No Longer Binds orientation into the CYC1 promoter conferred up to X Boxes, Providing a Mechanism 1000-fold repression and 8-to 24-fold HU inducibility, for Transcriptional Induction varying in different strain backgrounds ( Table 2 ). The
To detect the CRT1 gene product, we tagged it with repression is dependent on SSN6 and CRT1, since it Myc epitopes and placed it under the control of the was relieved by 50-to 80-fold in ssn6 and crt1 mutants.
GAL1 promoter. The Crt1-Myc fusion protein migrates The SSN6-independent repression is likely to result from as several bands or a broad band. A slower-migrating the alteration of spacing within the CYC1 promoter itself Crt1 protein was observed from cells treated with HU due to X-box insertion, although the possibility of reand MMS ( Figure 5A ). The mobility change was more cruitment of additional transcriptional regulators by the apparent in MMS-treated cells, and this was converted introduced sequences cannot be eliminated. The HU to faster-migrating forms with phosphatase treatment inducibility is dependent on DUN1, RAD53, and MEC1, ( Figure 5B ). Thus, Crt1 is phosphorylated to different indicating that it requires the same signaling pathway extents upon DNA damage and replication blocks. Crt1 that controls RNR inducibility (Table 2) .
has a basal level of phosphorylation in the absence of damage ( Figure 5B ), and this basal phosphorylation is diminished in mec1, rad53, and dun1 mutants ( Figure  CRT1 Transcription Is Induced by DNA Damage The finding that the CRT1 promoter contains X boxes 5C). Furthermore, the MMS-induced Crt1 hyperphosphorylation is reduced in dun1 mutants and abolished suggested that CRT1 might be repressed under normal conditions and induced upon DNA damage. Northern in rad53 and mec1 mutants ( Figure 5C ), indicating that Crt1 hyperphosphorylation upon DNA damage is depenblot analysis confirmed that CRT1 transcription is inducible by DNA damage ( Figure 4A) . The CRT1 mRNA level dent on the activity of the DNA damage response kinases. is low in the absence of DNA damage (lane 1) and is induced 2-fold upon treatment with 200 mM HU and
To examine the effect of Crt1 modification on its DNA binding activity, we examined the in vivo association of 8-fold with 0.1% of MMS (lanes 2 and 3) . The MMS Crt1-Myc with the X box-containing sequences of the recruitment of the general repressor complex Tup6-Ssn6. The modification of Crt1 and the change in its RNR3 and CRT1 promoters by cross-linking and chromatin immunoprecipitation assays. Immunoprecipita-DNA binding activity upon DNA damage suggest the mechanism of derepression, and the presence of Crt1-tion of Crt1-Myc resulted in the retention of X boxcontaining sequences of the RNR3 and CRT1 promoters binding sites on its own promoter indicates a role of CRT1 in feedback control and fine tuning of the DNA ( Figure 5D , compare lanes 1 and 2), whereas URA3 was not retained above the background level observed in damage response. untagged strains ( Figure 5D , compare lanes 1 and 2-6). Titration of the template DNA indicated that the PCR Crt1 Is a DNA-Binding Protein that Confers Repression on Damage-Inducible Genes amplification reaction was within the linear range ( Figure  5E ). The Crt1-associated DNAs from HU-and MMSthrough Recruitment of the Corepressor Complex Tup1-Ssn6 treated wild-type cells contain significantly less RNR3 (9-to 11-fold lower) and CRT1 (3-to 5-fold lower) proSeveral lines of evidence suggest that Crt1 functions as a repressor by recruiting the Tup1-Ssn6 corepressor moter DNA than untreated cells (compare lanes 2 and 3-6). In contrast, when mec1 mutants were treated with complex to the promoters of RNR genes. First, CRT1, TUP1, and SSN6 confer repression through the X box, HU and MMS, the Crt1-associated RNR3 and CRT1 promoter DNA remains approximately the same (80%-90%) a binding site for Crt1. Second, X-box mutations disrupting Crt1 binding also eliminate repression. Third, the as that from untreated cells ( Figure 5D, lanes 13-15) . Together these results indicate that the X-box binding repression of RNR3 inducibility by CRT1 overexpression also requires the presence of TUP1 and SSN6. Finally, activity of Crt1 is reduced in a MEC1-dependent manner upon DNA damage and replication blocks. Such regulaCrt1 binds to Ssn6/Tup1 complexes. These experiments demonstrate that Crt1 functions through the recruitment tion at least partly accounts for the transcriptional derepression of the RNR and CRT1 genes.
of Ssn6/Tup1 complexes to the promoters of damageinducible genes.
Discussion
Crt1 Is a Key Transducer of the Response to DNA Damage and Replicational Stress DNA damage and replication blocks induce the transcription of the DNA damage response genes through To be considered a signal transducer, a protein must be required for the proper regulation of a pathway and a signaling pathway that is dependent on the Mec1, Rad53, and Dun1 kinases. In this study, we have shown be somehow altered in response to the regulatory signal. For the DNA replication and damage checkpoint paththat three genes identified as negative regulators of RNR transcription, CRT1, TUP1, and SSN6, function downway, both Rad53 and Dun1 fulfill these criteria. Crt1 now joins these proteins as transducing components of this stream of DUN1 in this pathway. Crt1 binds the promoters of the RNR genes and confers repression through pathway. Crt1 is required for the proper regulation of swi6 and swi4 mutants are partially defective in the transcriptional induction of the RNR3 gene (Z. Z. and S. J. E., unpublished data; Ho et al., 1997), although it is unknown whether these proteins are required in a passive manner for transcriptional induction or whether they are signal transducers whose activity is regulated in response to DNA damage. The significance of derepression of the Crt1 regulon by the checkpoint pathway is evidenced by the fact that it is essential for cells undergoing DNA replicational stress. Cells experiencing suboptimal polymerase ␣ function or low nucleotide levels require proper Crt1 regulation for survival. Furthermore, Crt1 exhibits a unique pattern of genetic interactions with checkpoint mutants. Enforced repression of the Crt1 regulon by increased Crt1 expression in the hypomorphic rad53-21 and mec1-21 checkpoint mutants is lethal, indicating a possible a role for the checkpoint pathway in basal Crt1 regulon expression in undamaged cells. This is supported by the observations in Figure 5C in which the phosphorylation of Crt1 from undamaged cells is diminished in rad53 and mec1 mutants. Reciprocally, derepression of the Crt1 regulon can suppress the lethality of rad53 and mec1 null mutations. This indicates that the enhanced repair and replicational capacities provided by the Crt1 regulon are critical for cell viability in the absence of other checkpoint functions. In support of this hypothesis, we have found that the essential function of MEC1 and RAD53 can be provided by ectopic expression of the CRT1-regulated gene RNR3 (B. mechanism of induction is consistent with the fact that Crt1 overexpression inhibits RNR3 induction. While DNA binding is affected, we cannot rule out other additional RNR genes in response to replication and damage stress. Furthermore, inclusion of X boxes into hetermodes of regulation. For example, Crt1's ability to bind its corepressors could also be affected by phosphoryologous promoters confers Mec1, Rad53, and Dun1-dependent inducibility upon them. Finally, Crt1 is phoslation.
The fact that the genes we have examined all have phorylated in response to DNA replication blocks and DNA damage. This regulated phosphorylation is depenmultiple X boxes provides an important clue to the inner workings of this tightly regulated response. The presdent upon the MEC1, RAD53, and DUN1 genes, just as is the transcriptional induction signal that is transduced ence of multiple X boxes of different strength within a promoter could allow a graded response to inducing through X-box elements.
Crt1 is the key transducer of the transcriptional resignal. We envision that as a DNA damage signal is detected, the Mec1-Rad53-Dun1 kinase cascade is actisponse to replicational stress. It is a partial mediator of the DNA damage signal because MMS can still induce vated to some degree, resulting in the phosphorylation and inactivation of a portion of the Crt1 pool. As active residual RNR3 transcription in a crt1 mutant. Additional induction signals might come from the positive tranCrt1 decreases, Crt1 will be depleted from the low affinity X-box sites, allowing a degree of transcriptional inscriptional elements present in these promoters such as those that bind Swi6/Swi4 and Mbp1/Swi4 complexes.
duction. If the DNA damage signal is stronger or persists for a longer period of time, a larger portion of the Crt1 weakly induced immediately upon the presence of DNA damage to provide a buffer against spurious transcrippool will become inactive and now higher affinity X boxes will become unoccupied, resulting in further intional activation of the pathway. Only a very strong or prolonged DNA damage signal would fully induce CRT1 duction of damage response genes. This allows the response to be controlled like a variable resistor, gauged expression by relieving binding to the strong X box, consistent with the timing of Crt1 accumulation in reto precisely respond to the degree of damage present. In addition, inherent in this circuit is a timing mechanism:
sponse to MMS treatment ( Figure 5D ). Delaying full activation of CRT1 until Crt1 levels have been fully depleted by varying the strength of the weakest X box within a promoter, the cell can control the timing and order of ensures that the cell mounts a full transcriptional response before the feedback control mechanism begins gene induction.
to be fully enforced.
The results presented here lead us to a model for the Feedback Control of the DNA Damage-Induced Transcriptional Response regulation of the RNR genes ( Figure 6 ). In response to DNA damage, cells activate a kinase cascade resulting Perhaps the most surprising observation in this study was the identification of multiple X boxes in the CRT1 in the Mec1-dependent activation of the Rad53 and Dun1 protein kinases. The activation of these kinases promoter and the determination that CRT1 is autoregulated. We have mutated the X boxes in the CRT1 proin turn leads to the phosphorylation of Crt1. We do not know if Crt1 is a direct substrate of these kinases or if moter and shown that they confer CRT1-dependent repression on CRT1 itself (M. H. and S. J. E., data not other kinases are also involved in Crt1 phosphorylation. Crt1 phosphorylation results in inactivation of its ability shown). The expression level of CRT1 is very low in wildtype cells but is inducible by DNA damaging agents, to bind DNA, causing activation of promoters containing X-box elements. The timing and extent of induction of indicating that it is under repression in the absence of DNA damage. Another unusual feature of the Crt1-target genes are controlled by the number and strength of the X boxes in their promoters. The CRT1 mRNA is binding sites in CRT1 is that it has a very weak site paired with a very strong one. Thus, it is likely to be also transcriptionally induced, increasing the levels of repression will be responsible for transcriptional induction of p53-independent DNA damage-inducible genes.
Other components of the pathway such as the Mec1 homologs ATM and ATR are conserved and involved in the DNA damage response. Furthermore, the ribonucleotide reductase genes in mammals are also inducible in response to DNA damage. Downstream effectors of the cell cycle arrest branch of the checkpoint such as Chk1 are also conserved (Flaggs et al., 1997; Sanchez et al., 1997) . Unlike Crt1, the RFX homologs that do exist are positively acting, and it is not known whether they are also regulated by phosphorylation to modulate MHC expression. However, the possibility they could act as repressors in certain contexts remains to be explored.
Experimental Procedures

Yeast Strains
Yeast strains used in this study are listed as follows: Y80, MATa, 15, 112, Y81, MAT␣, 15, 112, Y203, MATa, his3, 112, lys2, trp1, Y205, MAT␣, his3, 112, lys2, trp1, rnr3 ::RNR3-URA3-LEU2; Y206, Y203 ϩ pZZ13 (HIS3); Y207, Y205 ϩ pZZ13 (HIS3); Y209, MAT␣, ade2, his3, 112, lys2, trp1, Y211, as Y207, Y212, MATa/MAT␣, his3/his3, 112, lys2/lys2, trp1/trp1, rnr3 :: MATa, his3, 112, lys2, trp1, rnr3 tion signal is diminished, and increased levels of active Y580, MATa, 15, 112,  Crt1 facilitate rapid restoration of the repressed state. of E. coli. LexA, the repressor of the SOS response mec1; MCY829, MAT␣, his3⌬200,  genes in E. coli, is also under the negative control by its ura3-52; MCY1974, MAT␣, ade2-1, his3⌬200, lys2-801, trp1⌬1, ura3- own product (reviewed by Walker, 1985) . DNA damage 52, ssn6⌬9; TWY397, MAT␣, his7, leu2, trp1, ura3; TWY308, MAT␣,  signals activate the RecA protein, which subsequently mec1-1, ura3, trp1. CRT1 deletion strains were generated by transplacement using a catalyzes the autoproteolysis of LexA and releases re-5.5 kb SacII-XhoI crt1-⌬100::LEU 2 fragment from pZZ132. Y588
pression of its own promoter as well as the promoters was generated by integrating CRT1-12xMYC on BstEII-linearized of other damage-inducible genes. Derepression of LexA pMH228(HIS3) into the crt1-⌬100::LEU2 locus in Y577.
expression upon DNA damage has a buffering effect in
To generate the crt1dun1 double mutant, DUN1 was replaced in preventing an extensive SOS response to minor damage Y211 by the dun1-⌬100::HIS3 allele as described (Zhou and Elledge, and in speeding the system to recover to repression 1993 of the transcriptional targets of p53 is Mdm2, a negative regulator of p53's transcriptional activity and stability
Cloning of CRT1 and CRT9 (Haupt et al., 1997; Kubbutat et al., 1997) . In this case, higher eukaryotes or whether relief of transcriptional between the first two ATGs, which destroys the longer ORF but GM44664, and a Welch grant Q1187 to S. J. E.; S. J. E. is an Investigator with the Howard Hughes Medical Institute. leaves the shorter ORF intact, still fully complements the crt1 mutant phenotype.
